The capsid genes from 14 pigeon circovirus (PiCV) sequences, collected from Taiwan between 2009 and 2010, were sequenced and compared with 14 PiCV capsid gene sequences from GenBank. Based on pairwise comparison, PiCV strains from Taiwan shared 73.9-100 % nucleotide identity and 72-100 % amino acid identity with those of the 14 reported PiCV sequences. Phylogenetic analyses revealed that Taiwanese PiCV isolates can be grouped into two clades: clade 1 comprising isolates from Belgium, Australia, USA, Italy and China, and clade 2 showing close relation to isolates from Germany and France. Recurrent positive selection was detected in clade 1 PiCV lineages, which may contribute to the diversification of predominant PiCV sequences in Taiwan. Further observations suggest that synonymous codon usage variations between PiCV clade 1 and clade 2 may reflect the adaptive divergence on translation efficiency of capsid genes in infectious hosts. Variation in selective pressures acting on the evolutionary divergence and codon usage bias of both clades explains the regional coexistence of virus sequences congeners prevented from competitive exclusion within an island such as Taiwan. Our genotyping results also provide insight into the aetiological agents of PiCV outbreak in Taiwan and we present a comparative analysis of the central coding region of PiCV genome. From the sequence comparison results of 28 PiCVs which differs in regard to the geographical origin and columbid species, we identified conserved regions within the capsid gene that are likely to be suitable for primer selection and vaccine development.
INTRODUCTION
Pigeon circovirus (PiCV) is classified as a member of the virus family Circoviridae that harbours small, non-enveloped, spherical viruses with circular ssDNA. PiCV was first documented in Canada in 1986 (Woods et al., 1994) ; since then, several outbreaks have been reported in many countries, including Northern Ireland (Smyth & Carroll, 1995; Todd et al., 2001) , England (Gough & Drury, 1996) , Germany (Mankertz et al., 2000; Raue et al., 2005; Soike, 1997) , France (Abadie et al., 2001) , Belgium (Duchatel et al., 2006) , China (Yu et al., 2009 ), Hungary (Cságola et al., 2012 and Italy (Coletti et al., 2000; Franciosini et al., 2005) . A comprehensive study has demonstrated that PiCV infection is associated with a multifactorial disease known as young pigeon disease syndrome (YPDS) possibly by inducing immunosuppression in infected birds (Raue et al., 2005; Schmidt et al., 2008) . YPDS has been a common problem in young racing pigeons for more than two decades. It is associated with poor racing performance and high morbidity and mortality rates in the third to twentieth week of life. In YPDS, the clinical signs are non-specific, comprising anorexia, depression, ruffled feathers, vomiting, diarrhoea, polyuria and a fluid-filled crop. At necropsy, the only typical gross lesion is atrophy of the bursa of Fabricius, which does not necessarily develop in all affected birds. Other gross lesions only reflect secondary infections (Raue et al., 2005) .
In naturally infected pigeons, PiCV can be detected by in situ hybridization and loop-mediated isothermal amplification (Tsai et al., 2014) in many tissues, such as the bursa of Fabricius, spleen, thymus, kidney and liver . The virus can be detected in clinically and pathologically normal birds, suggesting that many PiCV infections are subclinical. PiCV depletes the B-and T-cell populations, severely impairing the host's response to viral infections and leading to a long-term disease state (Todd, 2004) . The PiCV genome ranges from 2032 to 2040 bp with two major ORFs, ORF C1 and ORF V1, similar to other avian circoviruses, which are likely to encode a putative capsid protein (Cap) and replicase-associated protein (Rep), respectively (Todd et al., 2008) . PiCV has been reported in many European countries, North America, Australia and South Africa and is likely global (Todd, 2004) , but the molecular epidemiology of PiCV in Asia is unknown.
The capsid protein of PiCV recognizes PiCV-specific antibodies in pigeon sera and can be used in the serodiagnosis of PiCV (Daum et al., 2009) . Thus, the capsid protein mediates the induction of immune responses and has often been used to evaluate genetic changes between PiCV isolates (Stewart et al., 2006; Todd et al., 2008) . Olvera et al. (2007) believe the capsid gene is a more suitable marker for phylogenetic and epidemiological analyses and the characteristic of low recombination rates increases the detection accuracy of the signatures of positive selection on circovirus. Several studies have shown that natural selection plays an important role in the diversification of capsid proteins since they can evade the host immune system through amino acid replacement (Kundu et al., 2012; Olvera et al., 2007) . Sequence differences between capsid protein genes could alter the antigenicity and cause cross-species transmission by changes in receptor specificity (Baranowski et al., 2001) . Therefore, we aimed to assess the genetic variation of capsid genes in PiCV to improve our understanding of the genetic and evolutionary mechanisms driving the expansion of local epidemics.
Estimation of non-synonymous substitution (K a ) to synonymous substitution (K s ) ratio (v) is a common approach to test natural selection (Wagner, 2007) . Nucleotide sequences often evolve under selective constrains or purifying selection (Wertheim & Kosakovsky Pond, 2011) , especially on those functional important protein genes. The synonymous substitutions are usually considered free from functional adaptation. However, changes in expression levels of genes in relation to synonymous codon usage could be relevant to the molecular adaptation in response to natural selection (Hershberg & Petrov, 2008; Plotkin & Kudla, 2011) . Translational selection on synonymous codon usage has been found to be strongly correlated with gene expression (Ran & Higgs, 2012; Trotta, 2013) . Therefore, codon usage bias (CUB) becomes a genetic manner to reflect the translational accuracy and efficiency in the light of evolution (Angov, 2011; Shah & Gilchrist, 2011; Sharp et al., 2010) .
In this work, we studied PiCV outbreaks in pigeon and verified the identity of the virus by PCR. This is the first scientific report, to our knowledge, focusing on the genetic characteristic of PiCV in Taiwan. The capsid gene of PiCV that was isolated from pigeons in Taiwan was cloned and sequenced. For illustrating the evolutionary pattern of the divergence of PiCV capsid gene in Taiwan, examination of pressures of natural selection and the synonymous codon usage biases of diversified sequences of Taiwanese PiCV were conducted by sequence analyses. Our results indicate the different evolutionary history of the local sequences based on non-synonymous sites and synonymous codon usage in two distinct Taiwanese PiCV clades. This is the first phylogenetic analysis that compared the PiCV isolates from Taiwan with other isolates from around the world, generating data on the sequence diversity within this circovirus group that can be important for vaccine design and vaccination strategies.
RESULTS

Genetic variation of capsid gene of Taiwanese PiCVs
The PiCV capsid gene ranged from 786 to 792 nt, as amplified by PCR from the 14 Taiwanese pigeon isolates. The fragments were sequenced and the results were submitted to GenBank under the accession numbers shown in Table? 1. Sequence analysis and pairwise comparison results showed that all the PiCV capsid sequences from the 14 Taiwan isolates displayed 73.9-100 % nucleotide identities and 72.0-100 % amino acid identities with the 14 NCBI PiCV sequences. Two specific nucleotide variations were observed in the Taiwanese PiCV capsid genes at positions 46A and 222C and were fixed. The nucleotide variations at 522T or 522A that encode serine and threonine respectively are the unique nucleotide variations represented? in the Taiwanese PiCV capsid gene sequences (Fig. 1) .
Single amino acid deletions in the Cap protein were detected at amino acid positions 7, 53 and 180, but no two amino acid deletions were found in any part of the PiCV DNA in Taiwanese isolates (Fig. 2) . The alignment results confirmed the presence of nine hypervariable regions at amino acid positions 34-38, 53-56, 59-62, 72-75, 103-108, 126-133, 188-195, 214-217 and 246-249 
Phylogenetic analysis of PiCV
The phylogenetic tree reconstructed by the nucleotide and amino acid sequences of the 14 PiCV isolates sequenced in this study and the 14 complete genomic sequences of PiCV isolates worldwide obtained from GenBank are shown in Figs. 1 and 2 , respectively. The 14 PiCV Taiwanese isolates were assigned to two clades, clade 1 and clade 2. Most Taiwanese isolates belonged to clade 1, which might be the predominant genotype associated with pathogenic PiCV outbreaks in Taiwan and this clade is closely related to the German and French isolates. Three sequences (PiCV11, PiCV12 and PiCV13) were clustered in clade 2 together with a set of already published PiCV isolates from Belgium, Australia, USA, Italy and China (Fig. 1) . The tree topologies of both nucleotide and amino acid trees were nearly the same except for the minor differences in branch length and grouping patterns in spite of low supporting values within clades. Such minor differences might be a result of different evolutionary trends of the nucleotides and amino acids between Taiwanese PiCV sequences. That is, the heterogeneous mutation rates in non-synonymous substitution and synonymous sites could be indicative of deviation from the neutral evolution, i.e. nature selection.
Divergences driven by positive selection
For detecting the neutrality of the PiCV capsid genes, the phylogenetic analysis of the maximum-likelihood (PAML) approach was adopted to examine the K a /K s ratio (v) . Under the mode of neutral evolution, nonsynonymous substitution and synonymous sites mutated with the same probabilities (identical evolutionary rates) and the v could be one; if positively selected, most changes of amino acids could be free from swamp and the v could be larger than one; in contrast, the purifying selection could cause abundant swamp of amino acid variation and results in vv1. In the PAML analyses, the free ratio model showed that nine branches were positively selected; one positively selected branch was at the basal position which resulted in divergence of clusters of the clade 1 and clade 2 (v52.86); one positively selected (PS) branch was at the basal position of the clade 1 lineages and the other four PiCV sequences (accession nos AF 252610, DQ915960, AJ298229 and AJ 298230) (v519.65); one PS branch was at Taiwanese PiCV clade 2 that differentiated sequences PiCV12 and PiCV13 (v51.29) ; the other six PS branches were at Taiwanese PiCV clade 1, representing a pattern of recurrent positive selection (v51.34-1.38) (Figs. 1 and S1, available in the online Supplementary Material). Because the genetic variation of viral genes is easily affected by recombination, the detection of positiveselection signals was also conducted using HyPhy program package, which estimates the selective pressures in considering the recombination effect. The GARD analysis found a recombination breakpoint at 386 nt (left-hand side P value50.02260, right-hand side Pvalue50.00020) suggesting an effect of recombination in PiCV capsid gene. The GA-Branch model was adopted to determine whether v was varied among branches. Four v classes fit the data best according to Akaike's Information Criterion (v50, 0.064, 0.264 and 10000; Fig. S2 ). All PS branches are found only in Taiwanese PiCV clade (9 PS branches in clade 1 and 2 PS branches in clade 2, Fig. 2 and Fig. S1 ). These results are consistent with the free-ratio model implemented in PAML.
Since both clade 1 and clade 2 of the Taiwanese PiCV capsid genes were detected for evolution under positive selection, the branch-site model was further used for confirming the selection pressure and to detect the positively selected codons. Only the evolutionary mode in which the whole branches of clade 1 evolved with vw1 rejects the null hypothesis of nearly neutral evolution by likelihood ratio test (LRT) (P50.0016; Table 2 ). Thirteen PS sites with posterior probability (Pr) w0.70 were detected and one of these PS sites, the 231R, was strongly supported to preserve the amino acid change (Pr50.990; Table 2 ). Besides, 20 PS sites with P values v0.1 were detected in the MEME model which takes into account the recombination effect (Fig. 2) (Delport et al., 2010; . Six of the 20 sites were consistent with branch-site analysis (23K/G, 44P, 92R, 175V, 231G/M and 253R). All tests of free-ratio, MEME and branch-site models (Figs. 2 and S2) suggested that clade 1 may suffer selective pressure on amino acid change, especially for amino acid 231 that changed from an arginine to glycine (PiCV02 and PiCV09) and from an arginine to methionine (PiCV10).
In addition to the PAML analyses, we also calculated nucleotide differences (p a and p s ) and evolutionary rates (K a and K s ) using sliding window analysis. The results showed roughly higher p a than p s in both clade 1 and clade 2 based on full-length sequence of PiCV except for the higher p s than p a at the region around nucleotide 100 in clade 2 (Fig. 3a, b) . However, the p a /p s ratio was estimated to be zero in full-length sequences in clade 2 and only the region within 250-297 nt showed values higher than 1 in clade 1 (p a /p s 51.402; Fig. 3c ). The contrast estimates of higher p a than p s but a low p a /p s ratio in most regions might be due to differences in base lengths between non-synonymous sites and synonymous sites (about twice amount of non-synonymous site than the synonymous sites).
The pairwise comparison of K a and K s between clade 1 and clade 2 showed relatively lower K a than K s in most regions, implying the pervasive phenomenon of selective constraints on amino acid variation (Fig. 3d, e) . This inference is supported by the K a /K s v1 of the pairwise comparison between the two clades at most of the region of PiCV genome, except for the two regions at position 100 and 400 nt, approximately (Fig. 3f ) and this suggested a positively selective trend (i.e. K a /K s w1) of evolutionary divergence would be rare in PiCV. In summary, positive selection that can drive the divergence of clade 1 and clade 2 is only at the nucleotide sites 100 and 400 (based on the pairwise comparison of K a /K s ) but clade 1 is recurrently diversified under positive selection at multiple sites, especially for the preservation of the amino acid at position 231 (based on the PAML analysis).
CUB and DNA G 1 C contents of Taiwanese PiCV capsid genes
Translational efficiency and accuracy are correlated with the level of protein expression, which can be determined by estimating preference of codon usage. We estimated CUB for examining the differential codon preference between the two clades of Taiwanese PiCV sequences. Both analysis of variance (ANOVA) and Student's t-test showed significant differences in indices effective number of codons (ENC), codon bias index (CBI) and scaled chi square (SChi2) ( Table 3) . Relatively low ENC and high CBI and SChi2 of clade 2 PiCV suggested more bias in codon usage in clade 2 than in clade 1 (Table 3 ). In the ENC-plot, the ENC values of clade 1 and clade 2 were located slightly above and below the expected neutral curve, respectively, suggesting that the divergent selection could evoke contrast synonymous CUB in Taiwanese PiCV (Fig. 4) . DNA G+C content is indicative of expression at the protein level (Bernardi & Bernardi, 1986; Gupta & Ghosh, 2001; Rao et al., 2013; Sémon et al., 2004) . The non-significant differences of G+C contents at a coding position (G + Cc) and G + C contents at a synonymous third codon positions (G + C3s) implied no differential expression between clade 1 and clade 2 Taiwanese PiCV capsid genes, but the significantly different G + C contents at a second codon positions (G + C2) between clade 1 and clade 2 PiCV sequences suggest the change in amino acid composition as the main factor for PiCV divergence in Taiwan (Table 3) , which supports the speculation of varied rates of amino acid changes among Taiwanese PiCV capsid genes. In summary, the varied evolutionary rates of amino acid sequences did not alter the expression level but could cause variation in translational efficiency and accuracy between clade 1 and clade 2 PiCV in Taiwan.
Examination of specific codon usages showed contrasting relative synonymous codon usage (RSCU) between clade 1 and clade 2 in six amino acids, including higher codon preferences (RSCU w1) of CUG (Leu), AGU (Ser), AGC (Ser), GCG (Ala), GAA (Glu) and GGC (Gly) in clade 1 and UCU (Ser), ACG (Thr), GCC (Ala) and GAG (Glu) in clade 2 (Table 4) . If we use the contrast (i.e. positive versus negative) RSCU and |DRSCU| w0.5 as criteria to differentiate the codon preferences between clade 1 and clade 2 PiCV, amino acids Leu (CUG), Ser (UCU, AGU and AGC), Ala (GCC and GCG) and Glu (GAA and GAG) have contrast codon preferences between clade 1 and clade 2 PiCV in Taiwan (Table 4 ). In addition, there are three amino acids with different codon usage preferences (Todd et al., 2002) . Interestingly, these regions are more conserved in Taiwan isolates than isolates from other regions of the world. These results suggest that this hydrophilic region is important for the ability of PiCV to escape immune responses in pigeons, which has consequences for the design and implementation of vaccines against PiCV.
Positive selection acting on the Cap proteins of the Taiwanese PiCV was inferred by the higher rate of amino acid changes than the silent mutation rate. The free-ratio model assumes all lineages evolved under different evolutionary rates and the GA-branch model allows various class of evolutionary rates among all lineages, both models suggesting that six and nine branches of clade 1 and one and two branches of clade 2 were positively selected, respectively, while relatively rare branches (only two in free-ratio and none in GA-branch) beyond clade 1 and clade 2 were positively selected ( Figs. 1 and 2 ). In addition, six PS sites congruently identified by both branch-site and MEME models provided robust inference of positive selection on lineages of clade 1 (Table 2 and Fig. 2 ). Three branches external to clade 1 inferred as positively selected, based on the free-ratio model, could eliminate the suspicion of false-positive outcome by branch-site model once background branches are negatively selected (Gharib & Robinson-Rechavi, 2013; Zhang et al., 2005) . This result suggests the rapid evolution of PiCV capsid genes in the Taiwanese pigeons, which is driven by positive selection, especially in sequences belonged to clade 1.
Lineages between isolates originated from different countries produced long but low v branches. This phenomenon reveals that the nature of nucleotide variation between lineages from different countries is essentially synonymous and this implies that the long-term selective constraints have shaped the global PiCV diversity (McAllister & Werren, 1997; Shackelton et al., 2005) . In contrast, the local lineages of PiCV capsid genes expand rapidly by recurrent positive selection, driving the diversification of PiCV in Taiwan. Relaxation of selective constrains in the Taiwanese PiCV could be evidenced by the relatively higher p a than the p s spanning the capsid gene sequences (Fig. 3a, b) . Only a short region of clade 1 was detected with a p a /p s value higher than 1, which is the indication of mutation pressure (Alvarez-Ponce et al., 2012; Haddrill et al., 2011) (Fig. 3) . This means that the mutation rates of PiCV capsid genes from both clades did not go beyond propriety to become a major force of divergence. In contrast, the higher average K a /K s value (50.1801) than the average p a /p s value (clade 1 : 0.0935; clade 2 : 0.0000) and two regions with the pairwise K a /K s ratio higher than 1 at the front and middle of the capsid genes ( Fig. 3f) suggest that the divergence of Taiwanese PiCVs in both clades occurred by chance under selective pressure rather than by the mutation pressure.
Recombination is common in co-circulating virus strains and often leads to false-positive signals in detecting positive selection (Anisimova et al., 2003) . There were several (Gagnon et al., 2010; Kim et al., 2009; Ramos et al., 2013) . The suspected recombinants were also detected in PiCV capsid gene in Hungary (Cságola et al., 2012) . Moreover, recombination and positive selection can further shape the genome diversity of circovirus together (Heath et al., 2004; Stenzel et al., 2014) . Our data also suggested both recombination and positive selection driving the evolution of PiCV capsid gene in Taiwan. Although recombination may cause potential risks of false-positives in detecting positive-selection signals, very few possible recombination breakpoint was identified in PiCV capsid gene (only one breakpoint at 386 nt). In addition, the MEME and GAbranch models that take recombination into account ) also detected six PS sites (23K/G, 44P, 92R, 175V, 231G/M and 253R) in Taiwanese PiCV branches, which was consistent with the inference of PAML. The congruent inferences of positive selection by different models suggest robust inference of positive selection on Taiwanese PiCV capsid gene.
The Taiwanese PiCVs were also divergent at synonymous sites, which was revealed not only in Ks (Fig. 3) but also in the divergence of codon usages (Table 3) . Many reports have indicated that synonymous substitutions can affect mRNA splicing, stability, structure and protein folding (Hughes & Piontkivska, 2008; Palermo et al., 2009) . Using mRNA structure prediction software (http://www. genebee.msu.su/services/rna2_reduced.html), we found that the three silent substitutions affected the free energy of mRNA. In contrast, highly biased synonymous codon usage may play a significant role in protein evolution and increase in population diversity during environmental changes (Aris-Brosou & Bielawski, 2006; Sharp & Li, 1987) . Adaptive changes in translational efficiency of Taiwanese PiCVs in infected hosts were assumed by significant differences of the means and variances of CUB indices between clade 1 and clade 2 PiCVs. Because the DNA G+C content correlates with the codon usages (Wan et al., 2004) , deviations of the distribution of CUB index versus the GC content from expectation (i.e. the neutral curve) could reflect the natural selection on codon usages. The rate of ENC distribution that closely aligned but separated from neutral curve indicates the weak selection process driving the divergence of codon usages in PiCV capsid gene between clade 1 and clade 2 (Fig. 4) . The selective pressure that differentiates the CUB between clades of PiCV capsid genes but constrains the degree of deviation from neutrality (i.e. weak biases) is probably an advantage to the replicate efficiency in host cells by preventing large-scale alteration on codon preference . Certain case studies have evidenced that the selective pressure plays an important role on the CUB of viral genes, for example, duck and human hepatitis viruses , small non-enveloped viruses (Shi et al., 2013) , foot-and-mouth disease virus (Zhou et al., 2010) , HIV (Pandit & Sinha, 2011) , etc. In addition, the mutation pressure, genomic architecture, and secondary structure of genes could also constrain the codon usages of virus (Cardinale et al., 2013; Hershberg & Petrov, 2008; Sharp et al., 1993) . For example, the variation in the number of hydrogen bonds between codons GAA and GAG for Glu (synonymous transition substitution) distinctive in clade 1 and clade 2, respectively (Table 4) , could affect the formation of short doublestranded helices. Translation of Glu from these two synonymous codons GAA and GAG was evidenced by threefold differences in translation rates revealed by in vivo experiments in bacteria (Sørensen & Pedersen, 1991) . Therefore, the differential codon usages for Glu by clade 1 and clade 2 PiCV sequences are probably related to the translation rates in infected host. Transversion-type RSCU divergence, such as the AGU and AGC for clade 1 versus UCU and UCC for clade 2 (Ser) and GCG for clade 1 versus GCC for clade 2 (Ala), might reflect the divergence on molecular properties, e.g. melting points, molecular sizes (two-ring versus onering structures), molar mass, etc. (Shabalina et al., 2013) . Bacterial experiments have shown that the use of single or rare codons could impose fitness disadvantage than using various codons for translation (Agashe et al., 2013) , which explains the divergent codon usages of capsid genes in Taiwanese PiCVs.
In conclusion, the Taiwanese PiCV capsid genes diverged into two main clusters, and the diversity might be triggered and persisted by recurrent positive selection. The major clade (clade 1) based on capsid sequence similarities is considered as the most predominant PiCV in Taiwan and a recent report implicated the potential triggers of this disease in German herds (Mankertz et al., 2000) . The other clades are minor groups related to isolates from Germany, England and Italy, indicating the geographicalindependent grouping. These results indicate that PiCVs from different nature barriers were introduced disparately into Taiwan. Analyses of positive selection on nonsynonymous substitutions and CUB on synonymous substitutions suggested that the two Taiwanese PiCV clades might have evolved under different selective pressures in consequence of different evolutionary rates and heterogeneous translational efficiencies. To our knowledge, this is the first genetic-based study using a within-island survey to illustrate the causalities of multiple sources and positive selection for maintaining the coexistence of pigeon circovirus congeners, indicative of an isolated-area epidemic with different translational regulation.
METHODS
Pigeon samples. Live birds were sourced out from 14 pigeon (Columbia livia) flocks from different regions in Taiwan. There was no evidence of circovirus outbreak in these flocks as evaluated by previous reports. Experimental samples were obtained from pigeons 2-5 months old with clinical signs of PiCV infection including poor racing performance, weight loss, diarrhoea and eventually death of the animal. A 10 % suspension of bursa of Fabricius was prepared in PBS (pH 7.2) for DNA isolation. The animal usage and collection of experimental samples in our study followed the regulation of National Pingtung University of Science and Technology (NPUST).
DNA extraction and PCR amplification of capsid gene. Genomic DNA was extracted from the collected bursa samples with Axyprep Body Fluid Viral DNA/RNA Miniprep kit (Axygen) according to the protocol supplied by the manufacturer. A set of PCR primers was designed based on published PiCV sequences and these primers amplify DNA fragments that represent the capsid gene of piCV.
The extracted DNA was initially subjected to PCR with PiCV-Fwd (GAATTCCAGATGAGAAGGCGGAGATTC) and PiCV-Rev (CTC-GAGCATCTGCAAAACACTGGTTACAATC). The PCR was carried out as a regular amplification procedure in 50 ml reaction volume containing 2 ml purified DNA, 5 ml GreenTaq buffer (Fermentas), 1 ml dNTPs (1 nmol), 0.5 ml of each primer (25 pmol) and 1 unit of the DreamTaq Green DNA polymerase (Fermentas). The PCR conditions were as follows: 94 uC for 5 min; 35 cycles of 94 uC for 30 s, 55 uC for 30 s and 72 uC for 1 min; 72 uC for 10 min and hold at 4 uC. The PCR products of the expected sizes were purified by agarose gel electrophoresis, followed by extraction with a QIAquick Gel Extraction kit (Qiagen) and then was cloned into yT&A vector (Yeastern Biotech). Recombinant plasmid DNA was purified using a Miniprep plasmid purification kit (Qiagen) and the insert fragment was sequenced in both directions using an automated Laser fluorescence ABI prism 3100 DNA sequencer (Applied Biosystems).
Sequence alignment and phylogenetic analysis. Nucleotide sequence editing, analysis, prediction of amino acid sequences and alignments were conducted using the MEGALIGN program in the Lasergene package (DNASTAR). Sequence alignments were performed with the align program and percentage of sequence identity among different PiCV isolates was determined with the CLUSTAL W program. The neighbour-joining phylogenetic analyses were conducted with the aid of MEGA, version 5.05 (Tamura et al., 2011) for both nucleotide and amino acid sequences. The composite likelihood model and Jones-Taylor-Thornton model for the nucleotide and amino acid substitutions, respectively, gamma distributions for rate among sites (gamma parameter 0.68 and 0.41, respectively) and pairwise deletions for the treatment of gaps were set for reconstructing the phylogenetic trees. A 1000 bootstrap replication was used to evaluate the supporting values for lineage grouping. The GenBank accession numbers for the 14 PiCV capsid gene sequences used in this study and the 14 additional sequences from the reported PiCV isolates used for comparative analysis are listed in Table 1 .
Positive selection. We used the maximum-likelihood approach to calculate the v ratio with higher statistical power by codon-based analysis (codeml) implemented in the PAML, version 4 package (Yang, 1997 (Yang, , 2007 . Both free-ratio model and branch-site model were used to detect events of positive selection on the evolutionary process of the capsid gene of PiCV. The free-ratio model assumes independent v on all lineages and averaged v over sites. We used this model to test whether positive selection acted on specific lineages by comparison to the null model (one-ratio model). A specific model, the branch-site model, to identify codons of selected lineages under positive selection was also tested. The branch-site model allows vw1 in the foreground branch, but limits the background lineages to evolve neutrally (v51) or under purifying selection (vv1). Under this model, we assumed that one of the Taiwan clades has a faster evolutionary rate in amino acid changes than other lineages. Therefore, each of the Taiwan PiCVs clades was set as the foreground branch respectively. Both modes of 'one v for the branch to all foreground clade' (Table 2) and 'one v for all the branches of foreground clade' (Table 2) were tested. The nearly neutral model (M1a) was used as the null model to compare with the branch-site model. The LRT was used to compare the fit to the data (Nielsen & Yang, 1998) for testing whether the free-ratio model and branch-site model provide suitable explanations for the evolution of the capsid gene of PiCV.
Because a high level of recombination often produced false-positives in LRT comparison (Anisimova et al., 2003) , we conducted the GARD analysis to detect recombination . Site-wise v variation across branches was estimated using the mixed-effects model of evolution (MEME) and the different v class across branches was estimated using GA-branch model. Both MEME and GA-branch models consider the effect of recombination when estimating v values . The GARD, MEME and GA-branch model are all implemented in HyPhy package using the DataMonkey server (Delport et al., 2010; .
Codon usage and DNA G 1 C contents. Codon usage is positively related to translation efficiency and accuracy (Gingold & Pilpel, 2011; Huang et al., 2009 ) and the DNA G+C contents could reflect the gene expression level in evolutionary trends (Bernardi & Bernardi, 1986; Gouy & Gautier, 1982; Sémon et al., 2004) . The CUB and the DNA G+C contents of two Taiwanese PiCV clades inferred from the phylogenetic analysis were estimated separately by indices of the ENC, CBI and codon bias by SChi2, the G+C contents at a second codon position (G+C2), the G+C contents at a synonymous third codon position (G+C3s) and the G+C contents at a coding position (G+Cc). Indices of codon usage were estimated using the DnaSP program (Rozas et al., 2003) . Significant differences between clade 1 and clade 2 were calculated by ANOVA and Student's t-test. In addition, the RSCU, which measures the deviation from even usage of codons, was estimated by MEGA, version 5.05 (Tamura et al., 2011) . The frequently used codon (than the expectation of random usage) has RSCU w1 and the less used codon has RSCU v1. Codons that have contrast RSCU between clade 1 and clade 2 were identified.
